Objectives: To characterize temperature-dependent emissions from paving and built-up roofing asphalt (BURA) and to quantify differences in temperature-related concentrations and composition.
INTRODUCTION
Asphalt (or bitumen) is the residuum produced through the distillation of crude petroleum oil and is a complex combination of organic compounds. Globally, $85% of all asphalt is used as binder in asphalt pavements, while $10% is used for roofing, and the remainder is used in secondary applications (NAPA and EAPA, 2011) . The distillation product, referred to as asphalt, is used primarily in paving applications. Asphalt may be further processed by blowing air through it at elevated temperatures, producing a product known as 'oxidized' asphalt which is primarily used in roofing applications. The blowing process increases the molecular weight and viscosity of the asphalt such that different degrees of air blowing can be used to create products with different physical and chemical characteristics. In the USA, built-up roofing asphalt (BURA) can be characterized into four types (I, II, III, and IV) based on increasing hardness needed for application at different roof slopes. The different types are created by varying the oxidation of asphalt from a mild degree of air blowing to extensive air blowing in a process known as air rectification.
In addition to differences in their manufacturing process, paving asphalt and BURA have different application procedures, specifically in the temperature regime that they are applied. In paving, asphalt is used as a binder (4-10%) with mineral aggregates and applied to road surfaces mechanically within a temperature regime of 100-140°C for warm-mix asphalt (WMA) and 140-160°C for hot-mix asphalt (HMA), although temperatures of up to 190°C may be used for polymer-modified asphalts. For BURA Types II-IV, solid asphalt is heated on site to temperatures between 175 and 240°C before being applied manually, although kettle temperatures can be 30°C higher than application temperatures and may reach 270°C.
An evaluation by the National Institute for Occupational Safety and Health (NIOSH) found that the chemistry of paving asphalt and roofing asphalt is qualitatively and quantitatively different (NIOSH, 2001 ). Furthermore, the NIOSH review suggests that differences in chemistry and application procedures between paving asphalt and roofing asphalt, including differences in application temperature, would result in differences in the emission of vapors and fumes. However, the nature of these differences has yet to be compared in a field-based exposure study.
Our previous research in a field-based exposure study found application temperature to be a significant predictor of personal inhalation (Cavallari et al., 2011) and dermal (Cavallari et al., 2011) exposures to polycyclic aromatic compounds (PACs) among pavers in the USA using current (2008) work practices. While a historical cohort of European asphalt workers revealed a complex pattern of determinants of exposure with temperature explaining a small percentage (7-14%) of variability in exposure in non-mastic applications (Burstyn et al., 2000) . Yet, in a subset of German mastic asphalt workers, application temperature was a statistically significant predictor of exposure to asphalt vapors and aerosols (Spickenheuer et al., 2011) . In the laboratory, chemical-specific emission rates of polycyclic aromatic hydrocarbons (PAHs) concentrations have been linked to temperature (Lange and Stroup-Gardiner, 2007) .
The goal of this study was to characterize and compare emissions from paving asphalt and BURA. Furthermore, we sought to characterize and quantify differences in temperature-related concentrations and composition between paving asphalt and BURA. While emission concentrations from paving asphalt samples were previously described (Lange and Stroup-Gardiner, 2007) , this study provides a statistical analysis of the prior data while adding in new information from BURA samples. Importantly, the purpose of this lab-based study was not to characterize occupational exposure among workers in the field but rather to investigate how composition and temperature dependence may differ in paving asphalt versus BURA. By conducting a repeated measures study in a controlled environment, we were able to eliminate external factors for the purpose of evaluating the relationship between emission concentration and temperature and to compare emissions from paving asphalt versus BURA.
MATERIALS AND METHODS

Analytical procedures
A total of 20 paving and 5 built-up roofing samples from USA sources were obtained in two 1-gallon cans from contractors utilizing the asphalt. Samples were obtained between 2004 and 2010. Of the 20 paving samples, 6 were performance grade (PG) 58-22, 5 were PG 64-28, 4 were PG 64-22, 2 were PG 58-34, and there was 1 each of PG . The PG system, which is used for paving but not roofing asphalt, is used to designate fundamental binder engineering properties based on various measurements of the binder's flow properties that are important for a given climatic location. Conventional notation for PG binders is a two number system where the first number represents the 7-day maximum pavement design temperature (°C), while the second number represents the minimum likely pavement design temperature (°C) that can be used without failure. Asphalts with a maximum temperature .60 are often polymer modified. Of the five BURA samples, two were Type III, two were Type IV, and one was Type II.
Chemical-specific emission rates were determined using a headspace gas chromatography (GC) method described in more detail elsewhere Stroup-Gardiner, 2005, 2007) . Briefly, a 40-ml headspace vial containing 0.5 g of asphalt and 15 g of 3-mm glass beads was prepared. The headspace vial was sealed with a PTFE-lined aluminum cap and placed in the headspace sampler. Each sample vial was placed in the oven at the test temperature for 1 h. An infrared thermometer was used to confirm temperatures which were achieved and maintained within 5°C. During this period, the oven was placed on a rotary mechanical shaker to agitate the sample and to increase transfer of compounds from the asphalt to the headspace. Each sample was evaluated over eight temperatures (120, 150, 180, 205, 230, 260, 290, and 315°C) .
One milliliter of headspace gas was introduced into the GC for analysis using a heated and insulated syringe. A total of 18 PAHs were quantified using a mass selective detector. A detailed description of the methodology employed in this research can be found elsewhere Stroup-Gardiner, 2005, 2007) . Ten replicate samples were collected for each asphalt analyte and temperature combination resulting in a total of 2000 measurements for each analyte. Gas-phase standards were used to determine instrument detection limits (IDLs), which were specific for each analyte. The limit of detection (LOD) was defined as the IDL.
Statistical analysis
Distributions of the emission concentration data were examined using histograms and normal probability plots. Shapiro-Wilks' tests and graphical displays indicated that the emission concentration data were not normally distributed. Summary statistics including geometric means (GMs) and geometric standard deviations (GSDs) were calculated for analytes with ,40% of samples below the LOD. Values were used as reported by the laboratory. When no concentration was given, LOD divided by the square root of 2 was substituted. Summary variables were created by adding concentrations for PAHs with common ring sizes: 2-ring PAHs (acenaphthene, fluorene, 2-methyl naphthalene, and naphthalene), 3-ring PAHs (anthracene, fluoranthene, and phenanthrene), 4-ring PAHs (benz [a] anthracene, benzo [b] fluoranthene, benzo[k]-fluoranthene, chrysene, pyrene, and triphenylene), and 5-to 6-ring PAHs (benzo[a]pyrene, dibenz (a,h)anthracene, dibenzo(g,h,i)perylene, and indeno (1,2,3-cd)-pyrene) and the distribution of the analytes summarized by ring size was plotted using box plots. A line is provided on each graph to indicate the summed LOD of each constituent.
Since emission concentrations from each asphalt sample were evaluated in 10 replicates over eight temperatures, linear mixed-effects models were used to evaluate the determinants of emission concentrations using a compound symmetry covariance matrix structure with a random intercept for both sample and temperature. The analyte data were log-transformed to achieve an approximately normal distribution. Only analytes with 25% samples below LOD were considered in the mixed-effects regression model to avoid bias in estimates (Jin et al., 2011) .
Firstly, models were constructed to evaluate predictors of paving asphalt. Then, models were constructed including both paving asphalt and BURA. For paving asphalt models, potential predictors of emission concentrations included temperature, paving grade, and region of crude source. Temperature was categorized into three regimes: Regime 1 (120-150°C), Regime 2 (180-230°C), and Regime 3 (260-315°C). The regimes represent ranges relevant to standard application temperatures for WMA (100-140°C) and HMA (140-160°C) during paving (Regime 1), standard application temperature for Types II, III, and IV BURA application (175-240°C) (Regime 2), and high temperatures outside of application ranges (Regime 3). PG was evaluated as a binary variable (PG maximum design temperature .60) to indicate difference in paving asphalt that may result from polymer modification. Region was evaluated as a categorical variable (Midwest, California, South, and Northeast). Multivariate models were constructed including statistically significant (P , 0.05) variables.
In the combined models including both paving asphalt and BURA samples simultaneously, a categorical variable was included to indicate paving asphalt or BURA (PG, 60, PG.60, or BURA) , and temperature regime was included as both a main effect and interaction term to evaluate whether the relationship between temperature and emission concentration varied by paving asphalt and BURA.
A sensitivity analysis was performed to further investigate the non-linearity of the temperatureconcentration relationship using mixed-effects models in paving asphalt only and combined paving asphalt and BURA models by using linear and squared terms for temperature. Statistical analysis was conducted using SAS version 9.2 (SAS Institute, Cary, NC, USA) and R version 2.10.1 (R Development Core Team, Vienna, Austria).
RESULTS
PAH emission concentrations and detection limits for both paving asphalt and BURA are presented in Table 1 . The 5-to 6-ring PAHs were largely below the LOD. In Tables 2 and 3 , results are stratified for the paving asphalt (Table 2 ) and BURA (Table 3) samples by temperature. For paving and BURA samples in temperature Regime 1, which is within typical paving application temperatures for WMA (100-140°C) and HMA (140-160°C), the majority of the PAHs were below the LOD. In paving asphalt at the higher Regime 1 temperature of 150°C, emissions are dominated by 2-ring PAHs with naphthalene and 2-methyl naphthalene present in the highest concentrations (Table 2) . When the temperature of the paving asphalt samples was increased beyond typical application temperatures to Regime 2 (180-230°C) and Regime 3 (260-315°C), there was a consistent increase in the concentration of each analyte with increasing temperature. Within the same temperature, the emission concentrations were lowest among the higher ring sizes.
For BURA samples, in temperature Regime 2, which is within the typical application temperatures for Types II, III, and IV BURA (175-240°C), emissions were dominated by 2-and 3-ring PAHs (Table 3 ). The majority of the individual 4-and 5-to 6-ring PAHs were below the LOD for BURA samples at the low end of temperature Regime 2 (180°C). As was observed for paving asphalt, there was a consistent increase in the concentration of each analyte with increasing temperature. Within the same BURA Regime temperature, the emission concentrations were lowest among the higher ring sizes. Figure 1 displays the median and 25th and 75th percentiles for the emission concentrations for BURA (white) and paving asphalt (gray) by temperature for 2-ring PAHs (Fig. 1a) , 3-ring PAHs (Fig. 1b) , 4-ring PAHs (Fig. 1c) , and 5-to 6-ring PAHs (Fig. 1d ). For both BURA and paving asphalt samples, with increasing temperature, concentrations increased on the log scale with the highest concentrations observed for 2-ring PAHs. As compared to the 2-and 3-ring PAHs, lower concentrations were observed with higher ring size, 4-and 5-to 6-ring PAHs. Paving asphalt emission concentrations within the standard paving application temperatures for WMA (100-140°C) and HMA (140-160°C) were consistently lower than BURA sample emission concentrations within the standard application temperatures for Types II, III, and IV BURA (175-240°C). At the same temperature, median BURA and paving asphalt emission concentrations were similar for 2-, 3-, and 4-ring PAHs, although BURA emission concentrations were often higher at the very high temperature range (260-315°C). The largest differences between paving asphalt and BURA emission concentrations were observed in the sum of 5-to 6-ring PAHs where emission concentrations were consistently higher for BURA from 205 to 315°C, although within the paving application temperature regime, concentrations were below the LOD (Fig. 1) . Table 4 presents the parameter estimates (b) and standard errors (SEs) for mixed-effects models identifying predictors of logged PAH emission concentrations for paving samples (n 5 20). The models evaluated a categorical variable for temperature [Regime 1 (120-150°C), Regime 2 (180-230°C), and Regime 3 (260-315°C)], a categorical variable for region of crude oil source (Midwest, California, South, and Northeast), and a binary variable indicating PG maximum temperature .60. Region was not a statistically significant predictor of emission concentration for any of the analytes and was excluded from the final model. Temperature regime category was a statistically significant predictor for each of the PAH emission concentrations (Table 4) , with increases in concentration seen with increasing temperature category. As compared to Regime 1 (the reference category and typical temperature range for application of paving asphalt), when the paving asphalt samples were heated outside of normal application ranges to Regime 2 (180-230°C) and Regime 3 (260-315°C), there was a statistically significant increase in emission concentration for all PAHs. The PG with maximum temperature .60 was a statistically significant (P , 0.05) predictor for some of the individual PAHs with the exception of fluorene and benz [a] anthracene. Increases in concentration were observed among the PG maximum temperature .60, which tend to be polymer modified. Variance component estimates suggest that for the majority of analytes, there is more variation between temperature as compared to within temperature or between sample À r . 5-to 6-ring), temperature, and asphalt type (white-BURA; gray-paving asphalt). Each sample was heated from 120 to 315°C and analyte concentrations were evaluated at eight temperatures including typical application temperatures for WMA, HMA, and BURA. The LOD is presented with a horizontal black line.
Temperature-dependent emission of PAH in paving and built-up roofing asphalts Table 3 . BURA PAH emission concentrations in lg m À3 by analyte and temperature a (n 5 5 samples).
Regime 1 (Table 4) . Emission concentrations from both paving asphalt (n 5 20) and BURA (n 5 5) were examined together in linear mixed-effects regression models constructed to determine if the relationship between temperature and emission concentration was different for BURA and paving asphalt. Table 5 presents the parameter estimates (b) and SEs for mixedeffects models evaluating the differences between emission concentration and temperature in paving asphalt and BURA after adjusting for paving grade. In each individual PAH analyte model, the categorical temperature variable [Regime 1 (120-150°C), Regime 2 (180-230°C), and Regime 3 (260-315°C)] was a statistically significant predictor of emission concentration, with increases in concentration seen with increasing temperature regime. In both paving asphalt and BURA, the relationship between temperature and concentration was non-linear as is apparent in Fig. 1 and suggested in the modeling data where the largest increase in concentration was observed between Regimes 1 and 2 and a smaller increase observed from Regimes 2 to 3. As in the paving asphalt-only model, sensitivity analysis confirmed the non-linear relationship between concentration and temperature where the linear and squared temperature terms were statistically significant predictors of concentration for each PAH (data not shown) in the combined paving asphalt and BURA models. There was a statistically significant difference in the temperature-concentration relationship between paving asphalt and BURA for the each of the eight PAHs with increased concentration of 2-and 3-ring individual PAHs in BUR asphalt and mixed results for the 4-ring PAHs. As compared to the intercept-only model, the full model explained a large percentage of total variability of PAH concentrations ranging from 79 to 94%.
DISCUSSION
We evaluated and quantified the relationship between temperature and chemical emission concentrations for paving asphalt and BURA samples. Results suggest that, under studied experimental conditions, temperature was the main driver of PAH emission concentrations in asphalt, explaining the majority of the variability in concentrations. Furthermore, the relationship between emission concentration and temperature differed based on the type of asphalt: paving asphalt versus BURA (Types II, III, and IV). This difference was not explained by temperature alone and as compared to paving asphalt at the same temperature; BURA emissions were composed of a greater content of higher ring PAHs.
Emission concentrations were evaluated over a range of temperatures including three temperature regimes [Regime 1 (120-150°C) representing typical paving application temperatures, Regime 2 (180-230°C) representing typical BURA application temperatures, and Regime 3 (260-315°C) representing high temperatures not typically used during field application of asphalt]. For paving asphalt samples within the paving asphalt application temperature regime (120-150°C), the adjusted mean emission is characterized by 2-and 3-ring PAHs, with 4-and 5-to 6-ring PAHs at or below the detection limit. For BURA samples within the BURA application regime (180-230°C), the highest emission concentrations are observed for the 2-to 3-ring PAHs, with lower but detectable concentrations observed for 4-and 5-to 6-ring PAHs. We observed a non-linear relationship between emission concentrations and temperature with a steep increase in concentration from Regimes 1 to 2 and a smaller increase from Regimes 2 to 3. The non-linear relationship was confirmed with models incorporating temperature with both linear and squared terms. Temperature predicted a large part of the total variability in analyte concentrations, ranging from 74 to 94% in paving asphalt-only model. Paving grade was a statistically significant predictor of PAH concentration with an increase in concentration observed for PG maximum temperature .60, which is often polymer modified. It is unclear how this differentiation may affect PAH emissions. Information on the crude oil source of each sample was not available; instead, the region of the USA that the paving sample originated was used. However, region was not a statistically significant predictor of PAH concentration, although a small sample size may have limited our ability to detect the association.
In our previous qualitative examination of emission concentrations of paving asphalt samples, graphs suggested a non-linear relationship between temperature and concentration (Lange and Stroup-Gardiner, 2007) . These results confirm an early laboratory study suggesting a non-linear relationship between emission concentrations, specifically benzene-soluble matter, and fume generation temperature (Brandt et al., 1985) . Recent studies have demonstrated increased PAH concentrations when comparing laboratory paving asphalt fumes generated at 150-180°C (Law et al., 2006) as well as 232-316°C (Machado et al., 1993) .
Exposure assessment studies, to varying degrees, support an association between paving asphalt application temperature and airborne PAH concentrations (Cavallari et al., 2011) as well as asphalt vapor (Burstyn et al., 2000) . A comprehensive investigation of historical exposure to bitumen and PAH among European asphalt workers (Burstyn et al., 2000 (Burstyn et al., , 2002 revealed a complex pattern of determinants of exposure. Surface dressing, oil gravel paving, and elevated application temperatures increased bitumen vapor exposures, but application temperature did not improve the fit of bitumen fume (or benzo[a]pyrene) exposure models; application temperature alone accounted for 7-14% of variability in exposures to bitumen fume and vapor in non-mastic applications (Burstyn et al., 2000) . More consistent associations between temperature and airborne exposures were observed in a current (2008) investigation of exposures of pavers in the USA (Cavallari et al., 2011) . Using a prospective repeated measures study design of 12 workers and 144 worker days of monitoring, we found a linear association between paving asphalt application temperature (ranging from 121 to 154°C) and airborne total organic matter [b (SE) 5 2.44 (0.41) increase in log concentration (lg m À3 )/100°C, P 5 0.001] and 4-to 6-ring PAC [b (SE) 5 2.44 (0.41) increase in log concentration (lg m À3 )/100°C, P 5 0.001] as well as individual PAHs including fluorene, naphthalene, phenanthrene, and pyrene concentrations (Cavallari et al., 2011) .
Our data suggest that the emission concentrationtemperature relationship was different for paving asphalt and BURA samples, as observed in the statistically significant interaction term in the combined paving and BURA models. In addition to differences in the emission concentration produced with temperature, we observed differences in composition between BURA which showed higher levels of 5-to 6-ring PAHs at the same temperature as compared to paving asphalt. This may be a reflection of the different chemistry resulting from the air-blowing and oxidation process that occurs in the manufacturing of BURA. The differences in the quantity and characterization of emission concentrations are supported by NIOSH review of chemical data indicating that paving asphalt and roofing asphalt are qualitatively and quantitatively different (NIOSH, 2001) .
While exposure assessment studies evaluating BURA are rare, there have been a number of toxicological investigations evaluating the carcinogenic effects of BURA and paving asphalt which is reviewed in more detail elsewhere (Schreiner, 2011) . Briefly, in a study of BURA performed by NIOSH, skin painting of laboratory-generated fume condensates from Type I and Type III BURA resulted in the development of skin tumors in mice in dermal carcinogenicity assays (Sivak et al., 1997; NIOSH, 2001) , with increased tumorgenicity produced by asphalt fume created at 316°C as compared to 232°C (NIOSH, 2001) .
Our laboratory data suggest that both intensity and composition (with larger ring PAHs at higher temperatures) of asphalt emissions are affected by temperature. In a recent study report, condensate collected from headspace above paving asphalt and Type III BURA, as well as using the method from the prior NIOSH skin-painting study, was applied in a 2-year skin-painting study of dermal carcinogenicity in male mice (Clark et al., 2011) . Both the field-and lab-based BURA condensates showed a statistically significant tumor response, while paving asphalt did not (Clark et al., 2011) . Differences in toxicity may be a reflection of the qualitative and quantitative differences in PAH emission concentrations that we observed when comparing paving asphalt and BURA.
We compared our previous exposure assessment evaluation of airborne PAH concentrations during asphalt paving in the USA (Cavallari et al., 2011) to the laboratory-simulated paving asphalt emissions observed within the current study. Like the laboratorysimulated paving samples within the paving temperature regime, the field-based exposures were dominated by 2-to 3-ring PAHs. In the laboratory, the highest emission concentrations for paving asphalts within the paving temperature regime were observed for naphthalene and substituted naphthalene (2-methyl naphthalene) followed by phenanthrene. This was also the case for the field-based measurements where the highest air concentrations were observed for naphthalene and phenanthrene. Among 2-to 3-ring PAHs, the primary inconsistencies included fluorene and fluoranthene which were observed in the field but not in the lab and benz [a] anthracene which was observed in the laboratory but not the field. The 4-ring PAH, pyrene was observed in the field, yet not in the lab. Five-to 6-ring PAHs were not observed above the detection limit in either field-or laboratory-based studies. Overall, fieldand lab-based paving asphalt samples were similar with respect to PAH composition. At 150°C in the absence of diesel oil use, a cleaning agent that contributes to airborne PAH levels, the predicted field-based exposure levels after accounting for air temperature, and hourly work rate are 0.82 lg m À3 for naphthalene and 0.49 lg m À3 for phenanthrene where for laboratory-simulated emission concentrations at 150°C, naphthalene and phenanthrene were 4.1 and 2.4 lg m
À3
, respectively. The difference between laboratory-simulated emission concentrations and exposure levels observed using current US paving practices (Cavallari et al., 2011) were consistent for both naphthalene and phenanthrene; laboratory concentrations were approximately five times field-based exposure levels.
Since the standard paving application temperatures for WMA (100-140°C) and HMA (140-160°C) are lower than the standard application temperatures for Types II, III, and IV BURA (175-240°C), it is expected that field-based PAH concentrations would also be lower during paving as compared to built-up roofing application. However, at present, there are no field-based studies evaluating individual airborne PAH concentrations during application of built-up roofing in the USA so that a comparison to airborne data from pavers is not possible. An assessment of dermal exposures has been performed on a group of pavers without engineering controls using recycled asphalt pavement (McClean et al., 2004) and on roofers working with Type III BURA by the same research team using consistent study methods. The GM of total PAC exposures was consistently lower during paving operations as compared to put-down during BURA exposures (total PAC exposures of 89 versus 344 ng cm À2 ). Benzo[a]-pyrene exposures were below the LOD in pavers and 1.0 ng cm À2 during put-down of Type III BURA, while pyrene exposures were similar (3.5 versus 3.8 ng cm
À2
). Dermal exposures are not a direct analog to airborne exposures but are related as during asphalt paving, dermal exposure to PAHs may occur through absorption or deposition of airborne PAHs in asphalt fumes and vapors or through direct contact with the asphalt binder and contaminated tools, equipment, clothing, or other objects.
Importantly, the purpose of this laboratory-based study was not to characterize occupational exposure among workers in the field but rather to conduct an investigation of how composition and temperature dependence may differ in paving asphalt versus BURA. Personal exposures while working outdoors would be expected to be lower and have been shown to be influenced by weather, site characteristics, and other worksite variables (McClean et al., 2004; Cavallari et al., 2011) . Field research suggests that personal paving exposures consist of a semi-volatile particulate phase, dominated by PAHs with molecular weights ,228 as well as a vapor phase (Herrick et al., 2007) . This laboratory study analyzed headspace gas that would be expected to be include the PAH composition of field exposure vapor and particulates phases. While we would expect differences in the absolute concentration levels between laboratory and field exposures, the relationship between temperature and concentration and the PAH characterization should remain similar. By conducting a repeated measures study in a controlled environment, we were able to eliminate external factors for the purpose of evaluating the relationship between emission concentration and temperature and to compare emissions from paving asphalt versus BURA.
CONCLUSION
Emission concentrations are driven by temperature for both paving and BURA samples under laboratory conditions. There are differences in paving asphalt and BURA emissions that are not explained by temperature alone. Concentrations were higher and consisted of larger ring (4 and 5 to 6) PAHs for BURA as compared to paving asphalt at the respective application temperature ranges as well as at the same temperature. 
